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1
METHODS OF PREPARING A CATALYST

TECHNICAL FIELD

The present disclosure relates to catalyst compositions.
More specifically, the present disclosure relates to methods
of preparing olefin polymerization catalyst compositions
and polymers prepared from same.

BACKGROUND

Enhancements in preparation methods for olefin polym-
erization catalysts can reduce the costs associated with
catalyst production and improve process economics. Thus,
there 1s an ongoing need to develop new methods of pre-
paring olefin polymerization catalysts.

SUMMARY

Disclosed herein 1s a method of preparing a catalyst
comprising a) contacting (1) a silica-support, (11) an oxoti-
tanium compound, (111) a chromium-containing compound,
and (1v) an optional solvent to form a first aqueous mixture
comprising a pre-catalyst and a reaction media having from
about 1 wt. % to about 99 wt. % water; b) thermally treating
the pre-catalyst by heating to a temperature of from about
400° C. to about 1000° C. for a time period of from about
1 minute to about 24 hours to form the catalyst.

Also disclosed herein 1s a method of preparing a catalyst
comprising contacting a hydrated support material compris-
ing silica with a chromium-containing compound to form a
first aqueous mixture comprising a chrominated support,
contacting the first aqueous mixture comprising a chromi-
nated support with a solution comprising (1) a solvent and
(11) an oxofitanium compound to form a second aqueous
mixture comprising a pre-catalyst; and thermally treating the
pre-catalyst to form the catalyst.

Also disclosed herein 1s a method of preparing a catalyst
comprising contacting a hydrated support material compris-
ing silica with an oxotitanium compound to form a {first
aqueous mixture comprising a titanated support; contacting
the first aqueous mixture comprising a titanated support with
a chromium-containing compound to form a second aqueous
mixture comprising a pre-catalyst; and thermally treating the
pre-catalyst to form the catalyst.

Also disclosed herein 1s a method of preparing a catalyst
comprising a) contacting (1) a silica support material com-
prising from about 0.1 wt. % to about 20 wt. % water, (11) a
solution comprising (1) a 2,4-pentadionate oxotitanium
compound, (2) a solvent and (3) from about 0.1 wt. % to
about 80 wt. % water based on the total weight of the
solution and (111) a chromium-containing compound to from
a pre-catalyst wherein liquid present 1 (1), (11), and (i11)
comprise a reaction media; and b) thermally treating the
pre-catalyst by heating to a temperature 1n the range of from
about 500° C. to about 900° C. for a time period of from
about 3 hours to about 12 hours to form a catalyst.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a plot of the shear response of polyethylene
resins from example 3.

DETAILED DESCRIPTION

Disclosed herein are methods for the preparation of olefin
polymerization catalysts and olefin polymerization catalyst
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supports. In an aspect of the present disclosure, the olefin
polymerization catalyst support comprises a silica-titamia
(S1—T1) support which 1s used to produce an olefin polym-
erization catalyst such as a chromium-silica-titania catalyst
(Cr/S1—T1). In an aspect of the present disclosure, the
compositions and methodologies disclosed herein allow for
the production of a chromium-silica-titania catalyst, herein-
alter an olefin polymerization catalyst, in the presence of
water.

In an aspect of the present disclosure, the olefin polym-
erization catalyst comprises titammum. The source of the
titanium may be any titanium-containing compound capable
of providing a suflicient amount of titanium to the olefin
polymerization catalyst in the presence of an aqueous reac-
tion media as described herein. In an aspect of the present
disclosure, the titanium-containing compound 1s an oxotita-
nium compound. An example of an oxotitanium compound
suitable for use 1n the present disclosure 1s characterized by
the general formula R'R*TiO wherein R' and R* are each
independently a carboxylate, an alkoxide, a dicarboxylate, a
tricarboxylate, a diketonate, an amino acid, an a-hydroxy-
carboxylate, an ammomum salt of a dicarboxylate, an
ammonium salt of a tricarboxylate, or combinations thereof.

In an aspect, R' and R” are each independently a carboxy-
late, a dicarboxylate, an ammonium salt of a dicarboxylate,
or an a-hydroxycarboxylate. Generally, the carboxylate can
be a C, to C,, carboxylate; or alternatively, a C, to C,,
carboxylate. In another aspect R' and R* can each indepen-
dently be a dicarboxylate, such as oxalate, malonate, fumar-
ate, or malate. In yet another aspect, R' and R* can each
independently be an ammonium salt of a dicarboxylate, such
as ammonium oxalate, ammonium malonate, ammonium
fumarate, or ammonium malate. In still another aspect R’
and R” can each independently be a tricarboxylate, such as
citrate. In an aspect of the present disclosure, R' and R* are
cach independently acetate, a propionate, a butyrate, a
pentanoate, a hexanoate, a heptanoate, an octanoate, a
nonanoate, a decanoate, an undecanoate, or a dodecanoate;
or alternatively, a pentanoate, a hexanoate, a heptanoate, an
octanoate, a nonanoate, a decanoate, an undecanoate, or a
dodecanoate. For example, R' and R” can each indepen-
dently be formate, acetate, or a propionate. In yet another
example, R' and R” can each independently be an oxalate. In
yet another example, R' and R* can each independently be
a diketonate. In another example, R' and R* can each
independently be unsubstituted 2,4-pentadionate or a sub-
stituted 2,4-pentadionate. In an aspect of the present disclo-
sure, the source of the titanium excludes a titanium tet-
raalkoxide.

The amount of titantum present 1n the olefin polymeriza-
tion catalyst may range ifrom about 0.01 wt. % to about 10
wt. % titanium by weight of the olefin polymerization
catalyst, alternatively from about 0.5 wt. % to about 5 wt. %,
alternatively from about 1 wt. % to about 4 wt. %, or
alternatively from about 2 wt. % to about 4 wt. %. In another
aspect of the present disclosure, the amount of titanium 1n
the olefin polymerization catalyst may range from about 1
wt. % to about 5 wt. %. Herein, the percentage titanium
refers to the final weight percent titanium associated with the
olefin polymerization catalyst by total weight of the olefin
polymerization catalyst after all processing steps (e.g., after
final activation via calcination).

In an aspect of the present disclosure, the olefin polym-
erization catalyst comprises chromium. The source of the
chromium may be any chromium-containing compound
capable of providing a suflicient amount of chromium to the
olefin polymerization catalyst. For example, the chromium-
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containing compound may be a water-soluble compound or
a hydrocarbon-soluble compound. Examples of water-
soluble chromium compounds include chromium trioxide,
chromium acetate, chromium nitrate, or combinations
thereol. Examples of hydrocarbon-soluble chromium com-
pounds include tertiary butyl chromate, a diarene chromium
(0) compound, biscyclopentadienyl chromium (II), chro-
mium (III) acetylacetonate, or combinations thereof. In one
aspect of the present disclosure, the chromium-containing
compound may be a chromium (II) compound, a chromium
(III) compound, or combinations thereof. Suitable chro-
mium (III) compounds include, but are not limited to,
chromium carboxylates, chromium naphthenates, chromium
halides, chromium sulfate, chromium nitrate, chromium
dionates, or combinations thereof. Specific chromium (I1I)
compounds include, but are not limited to, chromium (I1I)
sulfate, chromium (III) chlonde, chromium (III) nitrate,
chromic bromide, chromium (III) acetylacetonate, and chro-
mium (III) acetate. Suitable chromium (II) compounds
include, but are not limited to, chromous chloride, chromous
bromide, chromous 10dide, chromium (1I) sulfate, chromium
(II) acetate, or combinations thereof.

The amount of chromium present 1n the olefin polymer-
ization catalyst may range from about 0.01 wt. % to about
10 wt. % chromium by weight of the olefin polymerization
catalyst, alternatively from about 0.5 wt. % to about 5 wt. %,
alternatively from about 1 wt. % to about 4 wt. %, or
alternatively from about 2 wt. % to about 4 wt. %. In another
aspect of the present disclosure, the amount of chromium
present 1n the olefin polymerization catalyst may range from
about 1 wt. % to about 5 wt. %. Herein, the percentage
chromium refers to the final weight percent chromium
associated with the olefin polymerization catalyst by total
weight of the olefin polymernzation catalyst after all pro-
cessing steps (e.g., after final activation via calcination).

In an aspect of the present disclosure, the olefin polym-
erization catalyst comprises a silica-support. A silica-support
suitable for use in the present disclosure may have a surface
area and pore volume eflective to provide for the production
ol an active olefin polymerization catalyst. In an aspect of
the present disclosure, the silica-support possesses a surtace
area in the range of from about 100 m*/gram to about 1000
m~/gram, alternatively from about 250 m?/gram to about
1000 m*/gram, alternatively from about 250 m*/gram to
about 700 m*/gram, alternatively from about 250 m*/gram
to about 600 m?/gram, or alternatively greater than 250
m~/gram. The silica-support may be further characterized by
a pore volume of greater than about 0.9 cm’/gram, alterna-
tively greater than about 1.0 cm’/gram, or alternatively
greater than about 1.5 cm”/gram. In an aspect of the present
disclosure, the silica-support 1s characterized by a pore
volume ranging from about 1.0 cm’/gram to about 2.5
cm>/gram. The silica-support may be further characterized
by an average particle size of from about 10 microns to
about 500 microns, alternatively about 25 microns to about
300 microns, or alternatively about 40 microns to about 150
microns. Generally, the average pore size of the silica-
support ranges from about 10 Angstroms to about 1000
Angstroms. In one aspect ol the present disclosure, the
average pore size ol the silica-support material 1s 1n the
range of from about 50 Angstroms to about 500 Angstroms,
while 1 yet another aspect of the present disclosure the
average pore size ranges from about 75 Angstroms to about
350 Angstroms.

The silica-support may contain greater than about 50
percent (%) silica, alternatively greater than about 80%
silica, alternatively greater than about 95% silica by weight
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of the silica-support. The silica-support may be prepared
using any suitable method, for example the silica-support
may be prepared synthetically by hydrolyzing tetrachlorosi-
lane (S1Cl,) with water or by contacting sodium silicate with
a mineral acid. An example of silica-support suitable for use
in this disclosure includes without limitation ES70 which 1s
a silica-support material with a surface area of 300 m*/gram,
and a pore volume of 1.6 cm’/gram that is commercially
available from P(Q Corporation. The silica-support may
include additional components that do not adversely aflect
the catalyst, such as zirconia, alumina, thoria, magnesia,
fluoride, sulfate, phosphate, or mixtures thereof.

The silica-support may be present 1n the olefin polymer-
ization catalyst mn an amount of from about 50 weight
percent (wt. %) to about 99 wt. %, or alternatively from
about 80 wt. % to about 99 wt. %. Herein the percentage of
silica-support refers to the final weight percent of silica-
support associated with the olefin polymerization catalyst by
total weight of the olefin polymerization catalyst after all
processing steps (e.g., after final activation via calcination).

Disclosed herein are methods of preparing a catalyst
composition comprising contacting one or more catalyst
components. Various sequences for contacting of the cata-
lyst components are also disclosed herein. It 1s contemplated
that other sequences for the contacting of the catalyst
components may also produce a catalyst of the type dis-
closed herein. Consequently, in an aspect of the present
disclosure the catalyst components (e.g., oxotitanium com-
pound, chromium-containing compound, silica) may be con-
tacted 1n any order or fashion to produce a catalyst of the
type disclosed herein.

In an aspect of the present disclosure, a method for
preparation of an olefin polymerization catalyst of the type
disclosed herein comprises contacting an oxotitanmium com-
pound (e.g., R'R*TiO) with a silica-support to form a
titanated support. In an aspect of the present disclosure,
preparation of an olefin polymerization catalyst of the type
disclosed herein excludes drying of the silica-support prior
to contact of the silica-support with any other catalyst
component. Consequently, a silica-support suitable for use
in the present disclosure may be a “hydrated™ silica-support
containing greater than about 1 wt. % water by total weight
of the silica-support. For example, the silica-support may
contain from about 0.1 wt. % to about 20 wt. % water,
alternatively from about 0.1 wt. % to about 15 wt. % water,
or alternatively from about 0.1 wt. % to about 10 wt. %
water. Similarly, the oxotitammum compound may be a com-
ponent of an aqueous solution when contacted with the
hydrated silica. Upon contacting the oxotitanium compound
and the silica-support, the resulting first aqueous mixture
comprising the titanated support and water may be stirred at
ambient temperature for a time period ranging from about 5
minutes to about 30 hours, alternatively from about 15
minutes to about 12 hours, or alternatively from about 30
minutes to about 5 hours.

In an aspect of the present disclosure, the method for
preparation of an olefin polymerization catalyst of the type
disclosed herein comprises contacting the first aqueous
mixture (comprising water and the titanated support) with a
chromium-containing compound to form a second aqueous
mixture comprising water and a pre-catalyst (e.g., a chromi-
nated, titanated support). It 1s contemplated that the chro-
mium-containing compound may be a component of an
aqueous solution when contacted with the first aqueous
mixture (comprising the titanated support and water). In an
aspect of the present disclosure, the second aqueous mixture
comprising the water and the pre-catalyst (e.g., a chromi-
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nated, titanated support) 1s then treated to remove the water,
for example via a thermal treatment. For example, the
second aqueous mixture comprising water and the pre-
catalyst (e.g., a chrominated, titanated support) may be dried
at temperatures ranging from about 25° C. to about 300° C.,
alternatively from about 350° C. to about 200° C., or alter-
natively from about 80° C. to about 150° C. to form a dried
pre-catalyst. In one aspect of the present disclosure, the
dried pre-catalyst may then be activated via a calcination
step by heating it 1n an oxidizing environment to produce the
olefin polymerization catalyst. For example, the dried pre-
catalyst may be calcined in the presence of air at a tempera-
ture 1n the range of from about 400° C. to about 1,000° C.,
alternatively from about 500° C. to about 900° C., alterna-
tively from about 500° C. to about 850° C. and for a time
period of from about 1 min to about 24 hours, alternatively
from about 1 minute to about 10 hours, alternatively from
about 1 hour to about 24 hours, alternatively from about 1
hour to about 12 hours, alternatively from about 3 hours to
about 12 hours, alternatively from about 20 min to about 5
hours, or alternatively from about 1 hour to about 3 hours to
produce the olefin polymerization catalyst.

In an aspect of the present disclosure, a method for
preparation of an olefin polymerization catalyst of the type
disclosed herein comprises contacting a chromium-contain-
ing compound with a silica-support to form a first aqueous
mixture comprising a chrominated support and water. In
such an aspect of the present disclosure, the silica-support
may be a hydrated silica. Similarly, the chromium-contain-
ing compound may be a component of an aqueous solution
when contacted with the hydrated silica. Upon addition of
the chromium-containing compound to the silica-support the
resulting {irst aqueous mixture comprising the chrominated
support and water may be stirred at ambient temperature for
a time period ranging from about 5 minutes to about 30
hours, alternatively from about 15 minutes to about 12
hours, or alternatively from about 30 minutes to about 3
hours.

In an aspect of the present disclosure, the method for
preparation of an olefin polymerization catalyst of the type
disclosed herein comprises contacting the first aqueous
mixture (comprising the chrominated support and water)
with an oxotitanium compound (e.g., R'"R*TiO) to form a
second aqueous mixture comprising water and a pre-catalyst
(e.g., a chrominated, titanated support). It 1s contemplated
that the oxotitanium compound (e.g., R'R*TiO) may be a
component of an aqueous solution when contacted with the
first aqueous mixture (comprising the chrominated support
and water).

In an aspect of the present disclosure, the second aqueous
mixture comprising water and the pre-catalyst (e.g., a
chrominated, titanated support) 1s then treated to remove the
water, for example via a thermal treatment. For example, the
second aqueous mixture comprising water and the pre-
catalyst (e.g., a chrominated, titanated support) may be dried
at temperatures ranging from about 25° C. to about 300° C.,
alternatively from about 50° C. to about 200° C., or alter-
natively from about 80° C. to about 150° C. to form a dried
pre-catalyst. In one aspect of the present disclosure, the
dried pre-catalyst may then be activated via a calcination
step by heating it 1n an oxidizing environment to produce the
olefin polymerization catalyst. For example, the dried pre-
catalyst may be calcined in the presence of air at a tempera-
ture 1n the range of from about 400° C. to about 1,000° C.,
alternatively from about 300° C. to about 900° C., or
alternatively from about 500° C. to about 850° C. and for a
time period of from about 1 min to about 24 hours, alter-
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natively from about 1 minute to about 10 hours, alternatively
from about 1 hour to about 24 hours, alternatively from
about 1 hour to about 12 hours, alternatively from about 3
hours to about 12 hours, alternatively from about 20 min to
about 5 hours, or alternatively from about 1 hour to about 3
hours to produce the olefin polymerization catalyst.

In an aspect of the present disclosure, a method for
preparation of an olefin polymerization catalyst of the type
disclosed herein comprises contacting an oxotitanium com-
pound (e.g., R'R*TiO) with a silica-support and a chro-
mium-containing compound to form a first aqueous mixture
comprising water and a pre-catalyst (e.g., a chrominated,
titanated support). In an aspect of the present disclosure, the
s1lica-support 1s a hydrated silica. Similarly, the oxotitanium
compound and/or chromium-containing compound may be a
component of an aqueous solution when contacted with the
hydrated silica. Upon contacting of the silica-support, the
chromium-containing compound, and the oxotitanium com-
pound, the first aqueous mixture comprising water and the
pre-catalyst (e.g., a chrominated, titanated support) may be
stirred at ambient temperature for a time period ranging
from about 5 minutes to about 30 hours, alternatively from
about 15 minutes to about 12 hours, or alternatively from
about 30 minutes to about 5 hours.

In an aspect of the present disclosure, the first aqueous
mixture comprising water and the pre-catalyst (e.g., a
chrominated, titanated support) 1s then treated to remove the
water, for example via a thermal treatment. For example, the
first aqueous mixture comprising water and the pre-catalyst
(e.g., a chrominated, titanated support) may be dried at
temperatures ranging from about 25° C. to about 300° C.,
alternatively from about 350° C. to about 200° C., or alter-
natively from about 80° C. to about 150° C. to form a dried
pre-catalyst. In one aspect of the present disclosure, the
dried pre-catalyst may then be activated via a calcination
step by heating it 1n an oxidizing environment to produce the
olefin polymerization catalyst. For example, the dried pre-
catalyst may be calcined 1n the presence of air at a tempera-
ture 1n the range of from about 400° C. to about 1,000° C.,
alternatively from about 3500° C. to about 900° C., or
alternatively from about 500° C. to about 850° C. and for a
time period of from about 1 min to about 24 hours, alter-
natively from about 1 minute to about 10 hours, alternatively
from about 1 hour to about 24 hours, alternatively from
about 1 hour to about 12 hours, alternatively from about 3
hours to about 12 hours, alternatively from about 20 min to
about 5 hours, or alternatively from about 1 hour to about 3
hours to produce the olefin polymerization catalyst.

In an optional aspect of the present disclosure, contacting,
of one or more components used to prepare the olefin
polymerization catalyst i1s carried out in the presence of
water as well as an additional solvent, for example water
combined with a non-aqueous solvent. In an aspect, the
solvent comprises alcohols, ketones, aliphatic hydrocarbons,
aromatic hydrocarbons, halocarbons, ethers, acetonitrile,
esters, or combinations thereof. Alternatively, the solvent
comprises alcohols, ketones, esters, or combinations thereof.

Aliphatic hydrocarbons which can be useful as a solvent
include C; to C,, aliphatic hydrocarbons; alternatively, C, to
C, s aliphatic hydrocarbons; or alternatively, C. to C,, ali-
phatic hydrocarbons. The aliphatic hydrocarbons can be
cyclic or acyclic and/or can be linear or branched, unless
otherwise specified. Non-limiting examples of suitable acy-
clic aliphatic hydrocarbon solvents that can be utilized
singly or in any combination include propane, 1so-butane,
n-butane, butane (n-butane or a muxture of linear and
branched C, acyclic aliphatic hydrocarbons), pentane
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(n-pentane or a mixture of linear and branched C. acyclic
aliphatic hydrocarbons), hexane (n-hexane or mixture of
linear and branched C, acyclic aliphatic hydrocarbons),
heptane (n-heptane or mixture of linear and branched C,
acyclic aliphatic hydrocarbons), octane (n-octane or a mix-
ture of linear and branched C, acyclic aliphatic hydrocar-
bons), and combinations thereof. Aromatic hydrocarbons
which can be useful as a solvent include C, to C,, aromatic
hydrocarbons; or alternatively, C, to C, , aromatic hydrocar-
bons. Non-limiting examples of suitable aromatic hydrocar-
bons that can be utilized singly or in any combination in the
present disclosure include benzene, toluene, xylene (1includ-
ing ortho-xylene, meta-xylene, para-xylene, or mixtures
thereot), ethylbenzene, or combinations thereof.

Halogenated aliphatic hydrocarbons which can be usetul
as a solvent include C, to C, ; halogenated aliphatic hydro-
carbons; alternatively, C, to C,, halogenated aliphatic
hydrocarbons; or alternatively, C, to C. halogenated ali-
phatic hydrocarbons. The halogenated aliphatic hydrocar-
bons can be cyclic or acyclic and/or can be linear or
branched, wunless otherwise specified. Non-limiting
examples of suitable halogenated aliphatic hydrocarbons
which can be utilized include methylene chloride, chloro-
form, carbon tetrachloride, dichloroethane, trichloroethane,
and combinations thereof; alternatively, methylene chloride,
chloroform, dichloroethane, trichloroethane, and combina-
tions thereof. Halogenated aromatic hydrocarbons which
can be useful as a solvent include C, to C,, halogenated
aromatic hydrocarbons; or alternatively, C, to C,, haloge-
nated aromatic hydrocarbons. Non-limiting examples of
suitable halogenated aromatic hydrocarbons include chlo-
robenzene, dichlorobenzene, and combinations thereof.

Esters, ketones, or alcohols which can be useful as a
solvent include C, to C,,, esters, ketones, or alcohols;
alternatively, C, to C,, esters, ketones, aldehydes, or alco-
hols; or alternatively, C, to C; esters, ketones, aldehydes, or
alcohols. Non-limiting examples of suitable esters which
can be utilized as a solvent include ethyl acetate, propyl
acetate, butyl acetate, 1sobutyl 1sobutyrate, methyl lactate,
cthyl lactate, and combinations thereof. Non-limiting
examples of suitable ketones which can be utilized as a
solvent include acetone, ethyl methyl ketone, methyl 1sobu-
tyl ketone, and combinations thereof. Non-limiting
examples of suitable alcohols which can be utilized as a
solvent include methanol, ethanol, propanol, 1sopropanol,
n-butanol, 1sobutanol, pentanol, hexanol, heptanol, octanol,
benzyl alcohol, phenol, cyclohexanol, and the like, or com-
binations thereof. In an aspect, the solvent comprises metha-
nol, ethanol, i1sopropanol, propanol, butanol, acetone,
methylethylketone, ethyl acetate, heptane, or combinations
thereof.

In an aspect of the present disclosure, an additional
solvent further comprises a polyol or polyhydric alcohol
(e.g., a polyalcohol or polyol). In some aspects, the polyol
can comprise any hydrocarbon having at least 2 alcohol
groups (or alternatively called hydroxy groups); alterna-
tively, at least 3 alcohol groups; or alternatively, at least 4
alcohol groups. In an aspect, the polyol 1s an aliphatic
hydrocarbon comprising at least two alcohol groups. In
some aspects, the polyol 1s a glycol, a sugar, a reduced sugar,
an oligomer of a glycol, or combinations thereof.

In an aspect, the polyol can be an aliphatic polyol such as
cthylene glycol, diethylene glycol, triethylene glycol, tetra-
cthylene glycol, tripropylene glycol, polyethylene glycols
with a molecular weight of from 106 to 8500, polyethylene
glycols with a molecular weight of from 400 to 2000,
1,2-propanediol, 1,3-propanediol, 1,2-butanediol, 1,3-bu-

10

15

20

25

30

35

40

45

50

55

60

65

8

tanediol, 1,4-butanediol, 1,5-pentanediol, neopentyl glycol,
1,2-hexanediol, 1,6-hexanediol, 1,2-octanediol, 1,8-octane-
diol, 1,2-decanediol, 1,10-decanediol, glycerol, 2,2-dimeth-
ylolpropane, trimethylolethane, trimethylolpropane, pen-
tacrythritol, dipentaerythritol, sorbitol, 1,2,4-butanetriol,
2,2, 4-trimethyl-1,3-pentanediol, or combinations thereof.

In an aspect, the polyol can be a cyclic aliphatic polyol
such as 1,2-cyclopentanediol, 1,3-cyclopentanediol, 1,2-cy-
clohexanediol, 1,3-cyclohexanediol, 1,4-cyclohexanediol,
1,2-cyclohexanedimethanol, 1,4-cyclohexanedimethanol,
bis(4-hydroxycyclohexyl)methane, 2,2-bis(4-hydroxy-cy-
clohexyl)propane, or any combination thereof.

In an aspect, the polyol can be an aralkyl polyol such as
1-phenyl-1,2-ethanediol, 1,2-benzenedimethanol, 1,3-ben-
zene-di-methanol, 1.,4-benzene-dimethanol, or mixtures
thereof. In an aspect, the polyol can be an aromatic polyol
such as 1,2-benzenediol (pyrocatechol), 1,3-benzenediol
(resorcinol), 1,4-benzenediol, methyl catechol, methyl
resorcinol, 1,2,4-benzenetriol, 2-hydroxybenzylalcohol,
3-hydroxybenzylalcohol, 4-hydroxybenzylalcohol, 3,5-di-
hydroxybenzylalcohol, 2-(2-hydroxyphenyl)ethanol, 2-(3-
hydroxy-phenyl)-ethanol, 2-(4-hydroxyphenyl)-ethanol,
2-phenyl-1,2-propanediol or mixtures thereof.

In an aspect, the polyol 1s a sugar alcohol which refers to
the hydrogenated forms of the aldoses or ketoses of a sugar.
For example, glucitol, also known as sorbitol, has the same
linear structure as the chain form of glucose, but the alde-
hyde (—CHO) group 1s replaced with a —CH2OH group.
Other common sugar alcohols include the monosaccharides
erythritol and xylitol and the disaccharides lactitol and
maltitol.

Generally, sugar alcohols can be characterized by the
general formula HO—CH,—(CH—OH),—CH,—OH,
wherein n 1s typically from 1 to 22. For example, when n=2,
the sugar alcohol can be erythritol, threitol, etc. For
example, when n=3, the sugar alcohol can be arabitol,
xylitol, nbitol, etc. For example, when n=4, the sugar
alcohol can be mannitol, sorbitol, etc. The most common
sugar alcohols have 5 or 6 carbon atoms in their structure;
wherein n 1s 3 or 4, respectively. In an aspect, the sugar
alcohol comprises mannitol, sorbitol, arabitol, threitol, xyli-
tol, ribitol, galactitol, fruitol, iditol, inositol, volemitol,
1somalt, malitol, lactitol, or combinations thereof.

In an aspect, the polyol comprises ethylene glycol, dieth-
ylene glycol, triethylene glycol, tetracthylene glycol, tripro-
pylene glycol, polyethylene glycols with a molecular weight
of from 106 to 1000, 1,2-propanediol, 1,3-propanediol,
1,2-butanediol, 1,3-butanediol, 1,4-butanediol, 1,3-pen-
tanediol, neopentyl glycol, 1,2-hexanediol, 1,6-hexanediol,
1,2-cyclohexanediol, 1,4-cyclohexanediol, 1,2-octanediol,
1,8-octanediol, 1,2-decanediol, 1,10-decanediol, glycerol,
2.,2-dimethylolpropane, trimethylolethane, trimethylolpro-
pane, pentaerythritol, dipentaerythritol, sorbitol, 1,2,4-bu-
tanediol, 2,2,4-trimethyl-1,3-pentanediol, 1-phenyl-1,2-eth-
anediol, 1,2-benzenediol (pyrocatechol), 1,3-benzenediol
(resorcinol), 1,4-benzenediol, methyl catechol, methyl
resorcinol, 1,2.4-benzenetriol, 2-hydroxybenzylalcohol,
3-hydroxybenzylalcohol, 4-hydroxybenzylalcohol, 3,5-di-
hydroxybenzylalcohol, 1,2-benzenedimethanol, 1,3-ben-
zenedimethanol, 1,4-benzenedimethanol, 2-(2-hydroxyphe-
nyl)ethanol, 2-(3-hydroxyphenyl)ethanol, 2-(4-
hydroxyphenyl)ethanol, 2-phenyl-1,2-propanediol,
bisphenol A (2,2-di(4-hydroxyphenyl)propane), bisphenol F
(bis(4-hydroxyphenyl)methane), bisphenol S (4,4'-dihy-
droxydiphenylsulione), bisphenol 7Z (4.,4'-cyclohexyliden-
cbisphenol), bis(2-hydroxyphenyl)methane, or combina-
tions thereof. In an aspect, the polyol 1s selected from the
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group consisting ol ethylene glycol, glycerol, propylene
glycol, butane glycol, lactic acid or combinations thereof.

In some aspects, polyols such as glycols, glycol mono-
and di-esters, glycerol and glycerates are added to the
solvent to further reduce HRVOC emuissions. The use of
polyols 1 an olefin polymerization catalyst preparation 1s
described 1n more detail in U.S. patent application Ser. No.
14/699,533 enftitled “Methods of Preparing a Catalyst”
which 1s incorporated by reference herein in its entirety.

In some aspects of the present disclosure, any contacting,
of the olefin polymerization catalyst components may be
carried out in the presence of a reaction media. Specifically,
the liquid associated with each component utilized in prepa-
ration of the olefin polymerization catalyst (e.g., water
associated with the hydrated silica, the oxotitanium com-
pound, the chromium-containing compound, etc.) and
optionally an added solvent (e.g., a non-aqueous solvent)
may form the reaction media i1n each contacting step
described herein. In an aspect, the reaction media excludes
any solid component utilized in the preparation methodol-
ogy disclosed herein (e.g., excludes the silica support and
any solids associated therewith). In some aspects, the sum of
an amount ol water present 1n any reaction media formed
during preparation of the olefin polymerization catalyst 1s
from about 1 wt. % to about 99 wt. % based on the total
weight of the reaction media (e.g., all liquid components
including water and any non-aqueous liquids such as one or
more optional organic solvents), alternatively from about 1
wt. % to about 50 wt. %, alternatively from about 1 wt. %
to about 20 wt. %, or alternatively from about 1 wt. % to
about 10 wt. %. In an aspect of the present disclosure, the
reaction media formed during one or more contacting steps
performed during preparation of the olefin polymerization
catalyst (e.g., the liquid components of a mixture comprising
the titanated support, the liquid components of a mixture
comprising the chrominated support, the liquid components
of a mixture comprising the pre-catalyst, etc.) may contain
greater than about 1 wt. % water, alternatively greater than
about 5 wt. %, alternatively greater than about 10 wt. %,
alternatively greater than about 20 wt. %, alternatively
greater than about 30 wt. %, alternatively greater than about
40 wt. %, alternatively greater than about 50 wt. %, alter-
natively greater than about 60 wt. %, alternatively greater
than about 70 wt. %, alternatively greater than about 80 wt.
%, or alternatively greater than about 90 wt. % water based
on the total weight of the reaction media, where the water
may originate from one or more components used to form
the mixture. In another aspect, an anhydrous reaction media
(e.g., 100% organic media) 1s excluded as a component for
the preparation of an olefin polymerization catalyst of the
type disclosed herein.

During catalyst production, materials such as highly reac-
tive volatile organic compounds (HRVOC) may be emaitted.
HRVOCs play a role in the formation of ozone i1n ozone
nonattainment areas, 1.e., areas that do not meet the Fnvi-
ronmental Protection Agency’s air quality standards for
ground-level ozone. In an aspect of the present disclosure,
an olefin polymerization catalyst prepared as disclosed
herein results in a reduction i the level of HRVOCs
produced during the olefin polymerization catalyst prepara-
tion. For example, the HRVOCs may comprise hydrocar-
bons, aromatic compounds, alcohols, ketones, or combina-
tions thereol. In an aspect of the present disclosure, the
HRVOCs comprise alkenes, alternatively propylene, butene,
cthylene, or combinations thereof. Olefin polymerization
catalysts produced as disclosed herein may be characterized
by HRVOC emissions that are reduced by from about 50%
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to about 99% when compared to the emissions from an
otherwise similar olefin polymerization catalyst prepared 1n
the absence of an oxofitanium compound. Alternatively,
emissions of HRVOCs from olefin polymerization catalysts
prepared as disclosed herein are reduced by greater than
about 50%, alternatively greater than about 73%, alterna-
tively greater than about 90%, or alternatively greater than
about 99% wherein compared to an otherwise similar olefin
polymerization catalyst prepared in the absence of an oxo-
titanium compound (e.g., an otherwise similar olefin polym-
erization catalyst prepared 1n the presence of a Ti(isopropox-
ide),). In an aspect of the present disclosure, HRVOCs
emissions during preparation of olefin polymerization cata-
lysts of the type disclosed herein are less than about 2 wt. %
based on the total weight of the olefin polymerization
catalyst, alternatively less than about 1 wt. %, alternatively
less than about 0.5 wt. %, or alternatively less than about 0.1
wt. %. In an aspect of the present disclosure, the HRVOC 1s
propylene and the olefin polymerization catalyst production
process has emissions of from about 50 wt. % to about 1 wt.
% based on the weight percent of titanium 1n the olefin
polymerization catalyst, alternatively less than about 20 wt.
%, alternatively less than about 10 wt. %, or alternatively
less than about 1 wt. %. In an aspect, the oxotitanium
compound used 1n preparation of the olefin polymerization
catalyst has a carbon:oxygen ratio of from about 0.3 to about
3.0, alternatively from about 0.5 to about 3.5, or alterna-
tively from about 1.0 to about 3.0. In some aspects, the
oxotitantum compound used 1n preparation of an olefin
polymerization catalyst of the type disclosed herein has a
carbon:oxygen ratio of greater than about 0.5.

The olefin polymernization catalysts of the present disclo-
sure¢ are suitable for use 1 any olefin polymerization
method, using various types of polymerization reactors. In
an aspect of the present disclosure, a polymer of the present
disclosure 1s produced by any olefin polymerization method,
using various types ol polymerization reactors. As used
heremn, “polymerization reactor” includes any reactor
capable of polymerizing olefin monomers to produce
homopolymers and/or copolymers. Homopolymers and/or
copolymers produced 1n the reactor may be referred to as
resin and/or polymers. The various types of reactors include,
but are not limited to those that may be referred to as batch,
slurry, gas-phase, solution, high pressure, tubular, autoclave,
or other reactor and/or reactors. Gas phase reactors may
comprise fluidized bed reactors or staged horizontal reac-
tors. Slurry reactors may comprise vertical and/or horizontal
loops. High pressure reactors may comprise autoclave and/
or tubular reactors. Reactor types may include batch and/or
continuous processes. Continuous processes may use inter-
mittent and/or continuous product discharge or transfer.
Processes may also include partial or full direct recycle of
un-reacted monomer, un-reacted comonomer, catalyst and/
or co-catalysts, diluents, and/or other materials of the
polymerization process.

Polymerization reactor systems of the present disclosure
may comprise one type of reactor i a system or multiple
reactors of the same or different type, operated in any
suitable configuration. Production of polymers in multiple
reactors may include several stages in at least two separate
polymerization reactors interconnected by a transier system
making 1t possible to transier the polymers resulting from
the first polymerization reactor into the second reactor.
Alternatively, polymerization in multiple reactors may
include the transier, either manual or automatic, of polymer
from one reactor to subsequent reactor or reactors for
additional polymernization. Alternatively, multi-stage or
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multi-step polymerization may take place 1n a single reactor,
wherein the conditions are changed such that a different
polymerization reaction takes place.

The desired polymerization conditions in one of the
reactors may be the same as or different from the operating
conditions ol any other reactors involved in the overall
process ol producing the polymer of the present disclosure.
Multiple reactor systems may include any combination
including, but not limited to multiple loop reactors, multiple
gas phase reactors, a combination of loop and gas phase
reactors, multiple high pressure reactors or a combination of
high pressure with loop and/or gas reactors. The multiple
reactors may be operated 1n series or in parallel. In an aspect
ol the present disclosure, any arrangement and/or any com-
bination of reactors may be employed to produce the poly-
mer of the present disclosure.

According to one aspect of the present disclosure, the
polymerization reactor system may comprise at least one
loop slurry reactor. Such reactors are commonplace, and
may comprise vertical or horizontal loops. Monomer,
diluent, catalyst system, and optionally any comonomer may
be continuously fed to a loop slurry reactor, where polym-
erization occurs. Generally, continuous processes may coms-
prise the continuous troduction of a monomer, a catalyst,
and/or a diluent mto a polymerization reactor and the
continuous removal from this reactor of a suspension com-
prising polymer particles and the diluent. Reactor efiluent
may be flashed to remove the liquids that comprise the
diluent from the solid polymer, monomer and/or comono-
mer. Various technologies may be used for this separation
step 1ncluding but not limited to, flashing that may include
any combination of heat addition and pressure reduction;
separation by cyclonic action 1n either a cyclone or hydro-
cyclone; separation by centrifugation; or other appropriate
method of separation.

Typical slurry polymerization processes (also known as
particle-form processes) are disclosed in U.S. Pat. Nos.
3,248,179, 4,501,885, 5,565,175, 5,575,979, 6,239,235,
6,262,191 and 6,833,415, for example; each of which are
herein incorporated by reference in their entirety.

Suitable diluents used in slurry polymerization include,
but are not limited to, the monomer being polymerized and
hydrocarbons that are liquids under reaction conditions.
Examples of suitable diluents include, but are not limited to,
hydrocarbons such as propane, cyclohexane, isobutane,
n-butane, n-pentane, 1sopentane, neopentane, and n-hexane.
Some loop polymerization reactions can occur under bulk
conditions where no diluent 1s used. An example 1s polym-
erization of propylene monomer as disclosed i U.S. Pat.
No. 5,455,314, which 1s incorporated by reference herein in
its entirety.

According to yet another aspect of the present disclosure,
the polymerization reactor may comprise at least one gas
phase reactor. Such systems may employ a continuous
recycle stream containing one or more monomers continu-
ously cycled through a fluidized bed 1n the presence of the
catalyst under polymerization conditions. A recycle stream
may be withdrawn from the fluidized bed and recycled back
into the reactor. Simultaneously, polymer product may be
withdrawn from the reactor and new or fresh monomer may
be added to replace the polymerized monomer. Such gas
phase reactors may comprise a process for multi-step gas-
phase polymerization of olefins, in which olefins are polym-
erized 1n the gaseous phase 1 at least two independent
gas-phase polymerization zones while feeding a catalyst-
containing polymer formed in a first polymerization zone to
a second polymerization zone. One type of gas phase reactor
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1s disclosed 1n U.S. Pat. Nos. 4,588,790, 5,352,749, and
5,436,304, each of which 1s incorporated by reference 1n 1ts
entirety herein.

According to still another aspect of the present disclosure,
a high pressure polymerization reactor may comprise a
tubular reactor or an autoclave reactor. Tubular reactors may
have several zones where fresh monomer, initiators, or
catalysts are added. Monomer may be entrained in an inert
gaseous stream and introduced at one zone of the reactor.
Initiators, catalysts, and/or catalyst components may be
entrained 1n a gaseous stream and introduced at another zone
of the reactor. The gas streams may be intermixed for
polymerization. Heat and pressure may be employed appro-
priately to obtain optimal polymerization reaction condi-
tions.

According to yet another aspect of the present disclosure,
the polymerization reactor may comprise a solution polym-
erization reactor wherein the monomer 1s contacted with the
catalyst composition by suitable stirring or other means. A
carrier comprising an organic diluent or excess monomer
may be employed. If desired, the monomer may be brought
in the vapor phase into contact with the catalytic reaction
product, 1n the presence or absence of liquid material. The
polymerization zone 1s maintained at temperatures and pres-
sures that will result in the formation of a solution of the
polymer 1n a reaction medium. Agitation may be employed
to obtain better temperature control and to maintain uniform
polymerization mixtures throughout the polymerization
zone. Adequate means are utilized for dissipating the exo-
thermic heat of polymerization.

Polymerization reactors suitable for the present disclosure
may further comprise any combination of at least one raw
material feed system, at least one feed system for catalyst or
catalyst components, and/or at least one polymer recovery
system. Suitable reactor systems for the present invention
may Iurther comprise systems for feedstock purification,
catalyst storage and preparation, extrusion, reactor cooling,
polymer recovery, fractionation, recycle, storage, loadout,
laboratory analysis, and process control.

Conditions that are controlled for polymerization efli-
ciency and to provide polymer properties include, but are not
limited to temperature, pressure, type and quantity of cata-
lyst or co-catalyst, and the concentrations of various reac-
tants. Polymerization temperature can affect catalyst pro-
ductivity, polymer molecular weight and molecular weight
distribution. Suitable polymerization temperatures may be
any temperature below the de-polymerization temperature,
according to the Gibbs Free Energy Equation. Typically, this
includes from about 60° C. to about 280° C., for example,
and/or from about 70° C. to about 110° C., depending upon
the type of polymerization reactor and/or polymerization
Process.

Suitable pressures will also vary according to the reactor
and polymerization process. The pressure for liquid phase
polymerization in a loop reactor 1s typically less than 1000
psig (6.9 MPa). Pressure for gas phase polymerization 1s
usually at about 200 psig (1.4 MPa)-300 psig (3.45 MPa).
High pressure polymerization 1n tubular or autoclave reac-
tors 1s generally run at about 20,000 psig (138 MPa); to
75,000 psig (518 MPa). Polymerization reactors can also be
operated 1n a supercritical region occurring at generally
higher temperatures and pressures. Operation above the
critical point of a pressure/temperature diagram (supercriti-
cal phase) may ofler advantages.

The concentration of various reactants can be controlled
to produce polymers with certain physical and mechanical
properties. The proposed end-use product that will be
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formed by the polymer and the method of forming that
product may be varied to determine the desired final product
properties. Mechanical properties include, but are not lim-
ited to tensile strength, flexural modulus, impact resistance,
creep, stress relaxation and hardness tests. Physical proper-
ties include, but are not limited to density, molecular weight,
molecular weight distribution, melting temperature, glass
transition temperature, temperature melt of crystallization,
density, stereoregularity, crack growth, short chain branch-
ing, long chain branching and rheological measurements.

The concentrations of monomer, co-monomer, hydrogen,
co-catalyst, modifiers, and electron donors are generally
important 1n producing specific polymer properties.
Comonomer may be used to control product density. Hydro-
gen may be used to control product molecular weight.
Co-catalysts may be used to alkylate, scavenge poisons
and/or control molecular weight. The concentration of poi-
sons may be minimized, as poisons may impact the reactions
and/or otherwise aflect polymer product properties. Modi-
fiers may be used to control product properties and electron
donors may aflect stereoregularity.

Polymers such as polyethylene homopolymers and copo-
lymers of ethylene with other mono-olefins may be pro-
duced 1n the manner described above using the polymeriza-
tion catalysts prepared as described herein. Polymers
produced as disclosed herein may be formed into articles of
manufacture or end use articles using techniques known in
the art such as extrusion, blow molding, injection molding,
fiber spinming, thermoforming, and casting. For example, a
polymer resin may be extruded into a sheet, which 1s then
thermoformed into an end use article such as a container, a
cup, a tray, a pallet, a toy, or a component of another product.
Examples of other end use articles into which the polymer
resins may be formed include pipes, films, and bottles.

In an aspect of the present disclosure, an olefin polym-
erization catalyst of the type described herein may be used
to prepare polyethylene. The PE prepared as described
herein may be characterized by a melt index, MI, ranging,
from about O g/10 min. to about 10 g/10 min., alternatively
from about 0.1 g/10 min. to about 5 g/10 min., or alterna-
tively from about 0.2 g/10 min. to about 2 g/10 min. The
melt index (MI) refers to the amount of a polymer which can
be forced through an extrusion rheometer orifice of 0.08235

inch diameter when subjected to a force of 2,160 grams 1n
ten minutes at 190° C., as determined 1n accordance with
ASTM D1238.

Further, the PE may be characterized by a high load melt
index, HLMI, ranging from about 1 g/10 min. to about 1000
g/10 min., alternatively from about 3 g/10 min. to about 300
g/10 min., from about 10 g/10 min. to about 100 g/10 min,
or alternatively from about 10 g/10 min to about 60 g/10
min. The HLMI represents the rate of flow of a molten
polymer through an orifice of 0.0825 inch diameter when
subjected to a force of 21,600 grams at 190° C. as deter-
mined 1n accordance with ASTM D1238.

In an aspect of the present disclosure, the PE may be
characterized by a shear response ranging from about 30 to
about 1000, alternatively from about 30 to about 200, less
than 60, or less than 45 or alternatively less than 40. The
shear response refers to the ratio of high load melt index to
melt index (HLMI/MI).

Catalysts of the present disclosure tend to produce a
polymer having a broad molecular weight distribution, as
indicated by the polydispersity index which is the result of
welght-average molecular weight (M) divided by number-
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average molecular weight (M, ). M, describes the molecular
weilght distribution of a polymer and 1s calculated according

to Equation 1:

(1)

Z N; M?

2. N M,

i

M,

where N1 1s the number of molecules of molecular weight
M..

IMH 1s the common average of the molecular weights of the
individual resins and may be calculated according to Equa-

tion 2:

(2)

Z N: M,

2N

M, =

where N. 1s the number of molecules of molecular weight
M.. A polymer (e.g., polyethylene) prepared as disclosed
herein may be characterized by a polydispersity index of
from about 10 to about 30, alternatively from about 12 to
about 25, alternatively from about 15 to about 25, or
alternatively greater than about 15.

EXAMPLES

The following examples are given as particular aspect of
the present disclosures of the present disclosure and to
demonstrate the practice and advantages thereof. It 1s under-
stood that the examples are given by way of 1llustration and
are not mtended to limit the specification or the claims to
follow 1n any manner.

Olefin polymerization catalysts of the type disclosed
herein were prepared as follows: 7.3 grams of HA30W was
weighed into a beaker. HA30W 1s a commercial Cr/silica
material obtained from W.R. Grace, having a surface area of
about 500 m*/gram, a pore volume of about 1.6 ml./g, an
average particle size of about 90 microns, and containing 1
wt. % Cr and about 8 wt. % moisture. 2.3 grams of titanium
oxide acetylacetonate, that 1s TiO(AcAc),, was then dis-
solved 1nto 150 mL of wet methanol (1.e., methanol which
had not been specifically dried). The T1 compound dissolved
to make a yellow solution. Then the HA30W was added to
the solution and the methanol was boiled away 1n a vacuum
oven set at 100° C. Afterward the solid catalyst was calcined
by fluidization 1 dry air for three hours at 650° C. It was
then stored 1n an air-tight container under dry nitrogen until
it was tested in a polymerization test.

In another experiment, 4.08 grams of ammonium titanyl
oxylate, that 1s (NH,),T10(C,0O,),*1H,0, was dissolved 1n
40 mL of deionized water. 13.3 grams of HA30W catalyst
was then added to this solution to make a wet paste. It was
placed 1n a vacuum oven at 100° C. overmight, yielding a
light blue dry material. Finally, the maternial was calcined as
described above at 630° C. to produce the orange-colored
polymerization catalyst.

Melt index (MI, g/10 min) was determined in accordance
with ASTM D1238 at 190° C. with a 2,160 gram weight. I,
(g/10 min) 1s the polymer flow rate using a 10 kg weight.
The high load melt index (HLMI) of a polymer resin
represents the rate of flow of a molten resin through an
orifice of 0.0825 inch diameter when subjected to a force of
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21,600 grams at 190° C. The HLMI values are determined
in accordance with ASTM D1238 condition E.

Polymerization tests were conducted 1n a 2.2 liter stain-
less-steel reactor equipped with a marine stirrer rotating at
500 rpm. The reactor was surrounded by a steel jacket,
through which a mixture of cold water and steam was passed
to precisely control the temperature to within half a degree

centigrade, with the help of electronic control mstruments.
Unless otherwise stated, a small amount (0.01 to 0.10

grams normally) of the solid catalyst was first charged under
nitrogen to the dry reactor. Next 1.2 liter of 1sobutane liquid
was charged and the reactor and heated up to the 103° C.
Finally ethylene was added to the reactor to maintain a fixed
pressure, 550 psig, during the experiment. The stirring was
allowed to continue for the specified time, usually around
one hour, and the activity was noted by recording the tflow
of ethylene into the reactor to maintain the set pressure.

After the allotted time, the ethylene flow was stopped and
the reactor slowly depressurized and opened to recover a
granular polymer powder, which was weighed. In all cases
the reactor was clean with no indication of any wall scale,
coating or other forms of fouling. The polymer powder was
then removed and weighed. Activity was specified as grams
of polymer produced per gram of solid catalyst charged per
hour.

Example 1

The results of polymerization runs using an olefin polym-
erization catalyst of the type disclosed herein are shown 1n
Table 1. The table lists which titantum compound was used,
the run conditions, and several polymer properties, including
melt index, high load melt index, and the polydispersity.

10

15

20

25

30

16

TABLE 2
Molecular
Run welght
# Titanium Compound g/mol % C O/C
A Tioxo(AcAc), 262 16 2.5
B Tioxo(oxylate), 152 46 0.5
C Ti(1sopropoxide), 284 51 0.33

As would be understood by one of ordinary skill 1n the art,
the more carbons present in the titammum compound, the
more emissions are expected during calcination to activate
the catalyst. This 1s observable for the Tioxo(AcAc), and
Tioxo(oxylate), which have less % carbon than the control
(1.e., Ti(isopropoxide), ). Further, given the oxygen to carbon
ratio (O/C) for the oxo compounds, pyrolysis would result in
the carbon being released as CO, or CO as opposed to the
production of propylene observed when the control com-
pound 1s pyrolyzed.

Shear response, that 1s HLMI/MI, can also be calculated
from the values 1 Table 1. It i1s interesting that the shear
response values from the Ti-oxo catalysts in Table 1 are
considerably lower than 1s normal for these broad MW
distribution polymers. FIG. 1 makes this point, showing a
plot of the MI as a function of HLMI. Runs utilizing
catalysts of the present disclosure from Table 1 are plotted
here along with a multitude of other polymers made from the
same Cr/silica catalyst, but using other titanium compounds,
mostly titanium tetra-1sopropoxide. Notice that the inventive
runs stand out as having a higher MI for a given HLMI. In
other words the inventive catalysts produce a lower shear
response, even though all catalysts were calcined at 650° C.
and tested under the same polymernzation conditions. The
results demonstrate that polymers prepared using an olefin
polymerization catalyst of the type disclosed herein have a

TABLE 1
Run Productivity Activity Iio MI
Run Oxotitanium Temp. Hexene o PL/g (g PE/g  HLMI o/10 g/10
# Compound  Solvent (°C.) (ml) catalyst cat/h) g/10 mmm  min IMin M, /M,
1 TiO(oxylate), Water 105 0 3252 2710 10.1 1.98 0.055 18.7
2  TiO(AcAc), MeOH 103 5 1957 3670 49.4 12.68 1.52 14.5
3 TiO{AcAc), MeOH 105 5 3065 6567 24.7 5.90 0.51 17.3
4  TiO(AcAc), MeOH 103 5 3571 5790 18.9 4.55 0.32 16.5
5 TiO(AcAc), MeOH 105 5 3485 6151 20.3 5.09 0.56 18.3
6 TiO(AcAc), MeOH 105 5 3268 7262 20.3 5.13 0.47 15.6
7 None None 105 0 2973 2973 5.5 0.87 0 17.5

The results demonstrate the olefin polymerization catalyst

of the present disclosure was eflective at raising the polymer
melt index and displayed higher catalyst activity when
compared to the use of a chrominated support as an olefin

polymerization catalyst (1.e., control run #7).

Example 2

Emissions of HRVOC during preparation of an olefin
polymerization catalyst of the type disclosed herein was
ivestigated and compared to emissions observed when

preparing an olefin polymerization catalyst utilizing a non-
oxo titamium compound. The results of these experiments,

the percent carbon emission and ratio of oxygen/carbon
(O/C), are presented 1n Table 2.
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narrow ratio of HLMI/MI (i.e., shear response) when com-
pared to polymers prepared using non-oxo titanium com-
pounds. This attribute 1s useful 1n the production of film
resins.

Additional Disclosure

The following enumerated aspects of the present disclo-
sures are provided as non-limiting examples.

A first aspect which 1s a method of preparing a catalyst
comprising: a) contacting (1) a silica-support, (11) an oxoti-
tanium compound, (111) a chromium-containing compound,
and (1v) an optional solvent to form a first aqueous mixture

comprising a pre-catalyst and a reaction media having from
about 1 wt. % to about 99 wt. % water; and b) thermally

treating the pre-catalyst by heating to a temperature of from
about 400° C. to about 1000° C. for a time period of from
about 1 minute to about 24 hours to form the catalyst.



US 9,988,468 B2

17

A second aspect which 1s the method of the first aspect
wherein the reaction media comprises from about 1 wt. % to
about 20 wt. % water.

A third aspect which 1s the method of any of the first
through second aspects wherein the reaction media com-
prises a liqud associated with the silica-support, a liquid
associated with the oxotitanium compound, a liquid associ-
ated with the chromium-containing compound, and, when
present, the solvent.

A Tourth aspect which 1s the method of any of the first
through third aspects wherein the silica-support 1s charac-
terized by a surface area of from about 100 m*/gram to about
1000 m*/gram and a pore volume of greater than about 1.0
cm’/gram.

A fifth aspect which 1s the method of any of the first
through fourth aspects wherein the chromium-containing
compound comprises chromium trioxide, chromium acetate,
chromium nitrate, tertiary butyl chromate, a diarene chro-
mium (0) compound, biscyclopentadienyl chromium(II),
chromium (III) acetylacetonate, or combinations thereof.

A sixth aspect which 1s the method of any of the first
through fifth aspects wherein an amount of chromium pres-
ent 1 the olefin polymerization catalyst may range from
about 0.01% to about 10% by weight of the olefin polym-
erization catalyst and an amount of titanium present in the
olefin polymerization catalyst may range from about 0.01%
to about 10% by weight of the olefin polymerization cata-
lyst.

A seventh aspect which 1s the method of any of the first
through sixth aspects wherein the pre-catalyst excludes a
titantum tetraalkoxide.

An eighth aspect which 1s the method of any of the first
through seventh aspects wherein the oxotitanium compound
is characterized by the general formula R'R*TiO wherein R*
and R” are each independently a carboxylate, a dicarboxy-
late, a diketonate, an alkoxide, an ammonium salt of a
dicarboxylate, an ammonium salt of a tricarboxylate or
combinations thereof.

A ninth aspect which 1s the method of the eighth aspect
wherein R' and R are each independently formate, acetate,
propionate, ammonium oxalate, ammonium malonate,
ammonium fumarate, or ammonium malate.

A tenth aspect which 1s the method of the eighth aspect
wherein R' and R* are each independently unsubstituted
2.4-pentadionate or substituted 2,4-pentadionate.

An eleventh aspect which 1s the method of any of the first
through tenth aspects further comprising contacting the
catalyst with an ethylene monomer under conditions.

A twellth aspect which 1s the polymer of the eleventh
aspect having a high load melt index of from about 10 g/10
min. and to about 60 g/10 min, a polydispersity index of
greater than about 15 and a shear response of less than about
60.

A thirteenth aspect which 1s the polymer of the eleventh
aspect having a high load melt index of from about 10 g/10
min to about 60 g/10 min, a polydispersity index of greater
than about 15 and a shear response of less than about 43.

A fourteenth aspect which i1s a method of preparing a
catalyst comprising contacting a hydrated support material
comprising silica with a chromium-containing compound to
form a {first aqueous mixture comprising a chrominated
support; contacting the first aqueous mixture comprising a
chrominated support with a solution comprising (1) a solvent
and (11) an oxotitamium compound to form a second aqueous
mixture comprising a pre-catalyst; and thermally treating the
pre-catalyst to form the catalyst.
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A fifteenth aspect which 1s the method of the fourteenth
aspect wherein the first aqueous mixture comprises a liquid
associated with the hydrated support material comprising
silica and a liquid associated with the chromium-containing
compound and wherein the second aqueous mixture com-
prises a liquid associated with the hydrated support material
comprising silica, a liquid associated with the chromium-
containing compound, a liquid associated with the oxotita-
nium compound, and the solvent.

A sixteenth aspect which 1s the method of any of the
fourteenth through fifteenth aspects wherein an amount of
water present in the first or second aqueous mixture 1s 1n a
range of from about 1 wt. % to about 50 wt. % of the total
weight of the pre-catalyst.

A seventeenth aspect which 1s the method of any of the
fourteenth through sixteenth aspects wherein the chromium-
containing compound comprises chromium trioxide, chro-
mium acetate, chromium nitrate, tertiary butyl chromate, a
diarene chromium (0) compound, biscyclopentadienyl chro-
mium({IIl), chromium (III) acetylacetonate, or combinations
thereof.

An eighteenth aspect which 1s the method of any of the
fourteenth through seventeenth aspects wherein the oxoti-
tanium compound 1s characterized by the general formula
R'R*TiO wherein R' and R* are each independently a
carboxylate, an alkoxide, an ammonium salt of a dicarboxy-
late, an ammonium salt of a tricarboxylate or combinations
thereof.

A nineteenth aspect which 1s the method of the eighteenth
aspect wherein R and R” are each independently formate,
acetate, propionate, ammomum oxalate, ammonium
malonate, ammonium fumarate, or ammonium malate.

A twentieth aspect which 1s the method of the eighteenth
aspect wherein R' and R* are each independently unsubsti-
tuted 2,4-pentadionate or substituted 2,4-pentadionate.

A twenty-first aspect which 1s a method of preparing a
catalyst comprising contacting a hydrated support material
comprising silica with an oxotitanium compound to form a
first aqueous mixture comprising a titanated support; con-
tacting the first aqueous mixture comprising a titanated
support with a chromium-containing compound to form a
second aqueous mixture comprising a pre-catalyst, and
thermally treating the pre-catalyst to form the catalyst.

A twenty-second aspect which 1s a method of preparing a
catalyst comprising a) contacting (1) a silica support material
comprising from about 0.1 wt. % to about 20 wt. % water,
(11) a solution comprising (1) a 2,4-pentadionate oxotitanium
compound, (2) a solvent and (3) from about 0.1 wt. % to
about 80 wt. % water based on the total weight of the
solution and (111) a chromium-containing compound to from
a pre-catalyst wherein liquid present 1 (1), (11), and (i11)
comprise a reaction media; and b) thermally treating the
pre-catalyst by heating to a temperature 1n the range of from
about 500° C. to about 900° C. for a time period of from
about 3 hours to about 12 hours to form a catalyst.

A twenty-third aspect which 1s the method of the twenty-
second aspect wherein thermally treating the pre-catalyst
produces emission products comprising less than about 2 wt.
% hydrocarbons based on a total weight of the emission
products.

A twenty-fourth aspect which 1s a pre-catalyst composi-
tion comprising: (1) a silica-support (i1) an oxotitanium
compound characterized by the general formula R'R*TiO
wherein R' and R* are each independently a carboxylate, a
dicarboxylate, a diketonate, an alkoxide, an ammonium salt
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ol a dicarboxylate, an ammonium salt of a tricarboxylate or
combinations thereof and (111) a chromium-containing com-
pound.

A twenty-fifth aspect which 1s the composition of the
twenty-fourth aspect wherein titamium 1s present in an
amount of from about 0.5 wt. % to about 10 wt. % and
chromium 1s present 1n an amount of from about 0.2 wt. %
to about 2 wt. % based on the total weight of the compo-
s1t10m.

A twenty-sixth aspect which 1s the composition of any of
the twenty-fourth through twenty-fifth aspects wherein the
silica support 1s characterized by a surface area of greater
than about 250 m*/g and a pore volume of greater than about
0.9 cm’/g.

A twenty-seventh aspect which 1s a pre-catalyst prepared
by contacting (1) a silica-support, (11) an oxotitanium com-
pound, (111) a chromium-containing compound, and (1v) an
optional solvent to form a first aqueous mixture comprising
the pre-catalyst and a reaction media having from about 1
wt. % to about 99 wt. % water.

A twenty-eighth aspect which 1s the pre-catalyst of the
twenty-seventh aspect wherein titanium 1s present in an
amount of from about 0.5 wt. % to about 10 wt. % and
chromium 1s present 1n an amount of from about 0.2 wt. %
to about 2 wt. % based on the total weight of the compo-
sition.

A twenty-minth aspect which 1s the pre-catalyst of any of
the twenty-seventh through twenty-eighth aspects wherein
the silica support 1s characterized by a surface area of greater
than about 250 m*/g and a pore volume of greater than about
0.9 cm’/g.

A thirtieth aspect which 1s the method of any of the
twenty-seventh through twenty-ninth aspects wherein the
oxotitanium compounds have a carbon:oxygen ratio of equal
to or greater than about 0.5.

A thirty-first aspect which 1s a method of preparing a
catalyst comprising contacting a hydrated support material
comprising silica with a chromium-containing compound to
form a chrominated support, wherein the hydrated support
material contains from about 1 wt. % to about 20 wt. %
water based on the weight of the support material and
wherein the chromium-containing compound 1s in an water
or an alcohol, contacting the chrominated support with a
solution comprising (1) a solvent selected from the group
consisting of water or a C,-C, alcohol and (11) an oxotita-
nium compound to form a pre-catalyst, wherein the oxoti-
tanium compound characterized by the general formula
R'R*TiO wherein R' and R* are each independently a
carboxylate, a dicarboxylate, a diketonate, an alkoxide, an
ammonium salt of a dicarboxylate, an ammonium salt of a
tricarboxylate or combinations thereof and wherein the
titanated pre-catalyst mixture comprises from about 1 wt. %
to about 99 wt. % water; and thermally treating the pre-
catalyst by heating to a temperature 1n the range of from
about 500° C. to about 900° C. for a time period of from
about 1 minute to about 24 hours to form a catalyst.

A thirty-second aspect which 1s a method of preparing a
catalyst comprising contacting a hydrated support material
comprising silica with a chromium-containing compound to
form a first aqueous mixture comprising a chrominated
support; contacting the first aqueous mixture comprising a
chrominated support with an oxotitanium compound to form
a second aqueous mixture comprising a pre-catalyst; and
thermally treating the pre-catalyst to form the catalyst.

A thirty-third aspect which 1s the method of the thirty-
second aspect wherein the first aqueous mixture comprises
a liquid associated with the hydrated support material com-
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prising silica, a liqud associated with the chromium-con-
taining compound, and an optional solvent (e.g., non-aque-
ous solvent), when present.

A thirty-fourth aspect which 1s the method of any of the
thirty-second through thirty-third aspects wherein the sec-
ond aqueous mixture comprises a liquid associated with the
hydrated support material comprising silica, a liquid asso-
ciated with the chromium-containing compound, a liquid
associated with the oxotitamium compound, and an optional
solvent (e.g., non-aqueous solvent), when present.

A thirty-fifth aspect which 1s a method of preparing a
catalyst comprising contacting a hydrated support material
comprising silica with an oxotitantum compound, optionally
in the presence of a first solvent (e.g., water and/or a
non-aqueous solvent), to form a first aqueous mixture com-
prising a titanated support; contacting the first aqueous
mixture comprising the titanated support with a chromium-
containing compound, optionally in the presence of a second
solvent (e.g., water and/or a non-aqueous solvent) to form a
second aqueous mixture comprising a pre-catalyst, wherein
the first solvent and the second solvent can be the same or
different; and thermally treating the pre-catalyst to form the
catalyst.

A thirty-sixth aspect which 1s a method of preparing a
catalyst comprising contacting a hydrated support material
comprising silica with a solution comprising (1) an oxotita-
nium compound and (11) a first solvent (e.g., water and/or a
non-aqueous solvent) to form a first aqueous mixture com-
prising a titanated support, contacting the first aqueous
mixture comprising the titanated support with a solution
comprising (1) a chromium-containing compound and (11) a
second solvent (e.g., water and/or a non-aqueous solvent) to
form a second aqueous mixture comprising a pre-catalyst,
wherein the first solvent and the second solvent can be the
same or different; and thermally treating the pre-catalyst to
form the catalyst.

A thirty-seventh aspect which 1s a pre-catalyst prepared
by contacting (1) a silica-support, (11) an oxotitanium com-
pound, (111) a chromium-containing compound, and (1v) an
optional solvent to form a first aqueous mixture comprising
the pre-catalyst and a reaction media having from about 1
wt. % to about 99 wt. % water.

A thirty-e1ghth aspect which 1s the pre-catalyst of the
thirty-seventh aspect wherein titamium 1s present in an
amount of from about 0.5 wt. % to about 10 wt. % and
chromium is present 1n an amount of from about 0.2 wt. %
to about 2 wt. % based on the total weight of the compo-
s1tion.

A thirty-ninth aspect which i1s the pre-catalyst of any of
the thirty-seventh through thirty-eighth aspects wherein the
silica support 1s characterized by a surface area of greater
than about 250 m*/g and a pore volume greater than about
0.9 cm’/g.

While various aspects of the present disclosures have
been shown and described, modifications thereol can be
made by one skilled in the art without departing from the
spirit and teachings of the invention. The aspects of the
present disclosures described herein are exemplary only, and
are not intended to be limiting. Many variations and modi-
fications of the invention disclosed herein are possible and
are within the scope of the mvention. Where numerical
ranges or limitations are expressly stated, such express
ranges or limitations should be understood to include 1tera-
tive ranges or limitations of like magnitude falling within the
expressly stated ranges or limitations (e.g., from about 1 to
about 10 includes, 2, 3, 4, etc.; greater than 0.10 includes
0.11, 0.12, 0.13, etc.). Use of the term “optionally” with
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respect to any element of a claim 1s intended to mean that the
subject element 1s required, or alternatively, 1s not required.
Both alternatives are intended to be within the scope of the
claim. Use of broader terms such as comprises, includes,
having, etc. should be understood to provide support for
narrower terms such as consisting of, consisting essentially
of, comprised substantially of, etc.

Accordingly, the scope of protection 1s not limited by the
description set out above but 1s only limited by the claims
which follow, that scope including all equivalents of the
subject matter of the claims. Each and every claim 1s
incorporated 1nto the specification as an aspect of the present
disclosure of the present mvention. Thus, the claims are a
turther description and are an addition to the aspect of the
present disclosures of the present disclosure. The discussion
ol a reference 1n the present disclosure 1s not an admission
that 1t 1s prior art to the present disclosure, especially any
reference that may have a publication date after the priority
date of this application. The present disclosures of all
patents, patent applications, and publications cited herein are
hereby incorporated by reference, to the extent that they
provide exemplary, procedural or other details supplemen-
tary to those set forth herein.

What 1s claimed 1s:

1. A method of preparing a catalyst comprising:

a) contacting (1) a silica-support, (1) an oxotitanium
compound, (111) a chromium-containing compound, and
(1v) an optional solvent to form a first aqueous mixture
comprising a pre-catalyst and a reaction media wherein
the reaction media comprises from about 1 wt. % to
about 20 wt. % water; and

b) thermally treating the pre-catalyst by heating to a
temperature of from about 400° C. to about 1000° C.
for a time period of from about 1 minute to about 24
hours to form the catalyst.

2. The method of claim 1 wherein the reaction media
comprises a liquid associated with the silica-support, a
liquid associated with the oxotitantum compound, a liquid
associated with the chromium-containing compound, and,
when present, the solvent.

3. The method of claim 1 wherein the silica-support 1s
characterized by a surface area of from about 100 m*/gram
to about 1000 m*/gram and a pore volume of greater than
about 1.0 cm”/gram.

4. The method of claim 1 wherein the chromium-contain-
ing compound comprises chromium trioxide, chromium
acetate, chromium nitrate, tertiary butyl chromate, a diarene
chromium (0) compound, biscyclopentadienyl chromium
(II), chromimum (III) acetylacetonate, or combinations
thereof.

5. The method of claim 1 wherein an amount of chromium
present 1n the catalyst ranges from about 0.01% to about
10% by weight of the catalyst and an amount of titanium
present 1n the catalyst ranges from about 0.01% to about
10% by weight of the catalyst.

6. The method of claim 1 wherein the reaction mixture
excludes a titanium tetraalkoxide.

7. A method of preparing a catalyst comprising:

a) contacting (1) a silica-support, (11) an oxotitanium
compound characterized by a general formula R'R*TiO
wherein R' and R”* are each independently a carboxy-
late, a dicarboxylate, a diketonate, an alkoxide, an
ammonium salt of a dicarboxylate, an ammomium salt
of a tricarboxylate or combinations thereof, (111) a
chromium-containing compound, and (1v) an optional
solvent to form a first aqueous mixture comprising a
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pre-catalyst and a reaction media having from about 1
wt. % to about 99 wt. % water; and

b) thermally treating the pre-catalyst by heating to a

temperature of from about 400° C. to about 1000° C.
for a time period of from about 1 minute to about 24
hours to form the catalyst.
8. The method of claim 7 wherein R' and R* are each
independently formate, acetate, propionate, ammonium
oxalate, ammonium malonate, ammonium fumarate, or
ammonium malate.
9. The method of claim 7 wherein R' and R” are each
independently unsubstituted 2,4-pentadionate or substituted
2.4-pentadionate.
10. A method of preparing a polymer comprising contact-
ing a catalyst prepared by the method of claim 1 with an
cthylene monomer under conditions suitable for formation
of an ethylene polymer; and recovering the polymer.
11. The method of claim 10 wherein the polymer has a
high load melt index of from about 10 g/10 min and to about
60 g/10 min, a polydispersity index of greater than about 135
and a shear response of less than about 60.
12. The method of claim 10 wherein the polymer has a
high load melt index of from about 10 g/10 min to about 60
g/10 min, a polydispersity index of greater than about 15 and
a shear response of less than about 45.
13. A method of preparing a catalyst comprising:;
contacting a hydrated support material comprising silica
with a chromium-containing compound to form a first
aqueous mixture comprising a chrominated support;

contacting the first aqueous mixture comprising a chromi-
nated support with a solution comprising (1) a solvent
and (11) an oxotitanium compound to form a second
aqueous mixture comprising a pre-catalyst, wherein the
oxotitammum compound 1s characterized by a general
formula R'R*TiO wherein R' and R* are each indepen-
dently a carboxylate, an alkoxide, an ammonium salt of
a dicarboxylate, an ammonium salt of a tricarboxylate
or combinations thereof; and

thermally treating the pre-catalyst to form the catalyst.

14. The method of claim 13 wherein the first aqueous
mixture comprises a liquid associated with the hydrated
support material comprising silica and a liqud associated
with the chromium-containing compound and wherein the
second aqueous mixture comprises a liquid associated with
the hydrated support material comprising silica, a liquid
associated with the chromium-contaiming compound, a lig-
uid associated with the oxotitammum compound, and the
solvent.

15. The method of claim 13 wherein an amount of water
present 1n the first or second aqueous mixture 1s 1n a range
of from about 1 wt. % to about 50 wt. %.

16. The method of claim 13 wherein the chromium-
containing compound comprises chromium trioxide, chro-
mium acetate, chromium nitrate, tertiary butyl chromate, a
diarene chromium (0) compound, biscyclopentadienyl chro-
mium(Il), chromium (III) acetylacetonate, or combinations
thereof.

17. The method of claim 13 wherein R' and R” are each
independently formate, acetate, propionate, ammonium
oxalate, ammonium malonate, ammonium fumarate, or
ammonium malate.

18. The method of claim 13 wherein R' and R* are each
independently unsubstituted 2,4-pentadionate or substituted
2.4-pentadionate.

19. A method of preparing a catalyst comprising:

contacting a hydrated support material comprising silica

with an oxotitanium compound to form a first aqueous




US 9,988,468 B2

23

mixture comprising a titanated support and a first
reaction media wherein the first reaction media com-
prises from about 1 wt. % to about 20 wt. % water;

contacting the first aqueous mixture comprising a titan-
ated support with a chromium-containing compound to
form a second aqueous mixture comprising a pre-
catalyst and a second reaction media wherein the
second reaction media comprises from about 1 wt. % to
about 20 wt. % water; and

thermally treating the pre-catalyst to form the catalyst.

20. A method of preparing a catalyst comprising:

a) contacting (1) a silica support material comprising from
about 0.1 wt. % to about 20 wt. % water, (11) a solution
comprising (1) a 2.,4-pentadionate oxotitanium com-
pound, (2) a solvent and (3) from about 0.1 wt. % to
about 80 wt. % water based on the total weight of the
solution and (111) a chromium-containing compound to
form a pre-catalyst wherein liquid present in (1), (11),
and (111) comprise a reaction media; and

b) thermally treating the pre-catalyst by heating to a
temperature 1n the range of from about 500° C. to about
900° C. for a time period of from about 3 hours to about
12 hours to form a catalyst.

21. The method of claim 20 wherein thermally treating the
pre-catalyst produces emission products comprising less
than about 2 wt. % hydrocarbons based on a total weight of
the emission products.

22. A pre-catalyst composition comprising: (1) a silica-
support, (11) an oxotitanium compound characterized by the
general formula R'R*TiO wherein R' and R* are each
independently a carboxylate, a dicarboxylate, a diketonate,
an alkoxide, an ammonium salt of a dicarboxylate, an
ammonium salt of a tricarboxylate or combinations thereof,
and (111) a chromium-containing compound.

23. The composition of claim 22 wherein titamum 1s
present 1n an amount of from about 0.5 wt. % to about 10 wt.
% and chromium 1s present 1n an amount of from about 0.2
wt. % to about 2 wt. % based on the total weight of the
composition.
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24. The composition of claim 22 wherein the silica
support 1s characterized by a surface area of greater than
about 250 m*/g and a pore volume of greater than about 0.9
cm’/g.

25. A pre-catalyst prepared by a process comprising
contacting (1) a silica-support, (11) an oxotitanium compound
characterized by a general formula R'R*TiO wherein R* and
R” are each independently a carboxylate, a dicarboxylate, a
diketonate, an alkoxide, an ammonium salt of a dicarboxy-
late, an ammonium salt of a tricarboxylate or combinations
thereof, (111) a chromium-containing compound, and (1v) an
optional solvent to form a first aqueous mixture comprising
the pre-catalyst and a reaction media having from about 1
wt. % to about 99 wt. % water.

26. The pre-catalyst of claim 25 wherein titanium 1s
present in an amount of from about 0.5 wt. % to about 10 wt.
% and chromium 1s present 1n an amount of from about 0.2
wt. % to about 2 wt. % based on the total weight of the
composition and wherein the silica-support 1s characterized
by a surface area of greater than about 250 m*/g and a pore
volume greater than about 0.9 cm’/g.

27. The method of claim 19 wheremn an amount of
chromium present in the catalyst ranges from about 0.01%
to about 10% by weight of the catalyst and an amount of

titanium present 1n the catalyst ranges from about 0.01% to
about 10% by weight of the catalyst.

28. The method of claim 19 wherein the oxotitanium
compound is characterized by the general formula R'R*TiO
wherein R" and R are each independently a carboxylate, a
dicarboxylate, a diketonate, an alkoxide, an ammonium salt
of a dicarboxylate, an ammonium salt of a tricarboxylate or
combinations thereof.

29. The method of claim 28 wherein R! and R? are each

independently unsubstituted 2,4-pentadionate or substituted
2.4-pentadionate.
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